and react with DNA at the exocyclic amino groups of adenine The distribution of DNA adducts formed by the two main and guanine ( Figure 1 ); this binding occurs at the C7 position components, aristolochic acid I (AAI) and aristolochic acid of the corresponding aristolactams, the major metabolites of II (AAII), of the carcinogenic plant extract aristolochic AA (6,7). These DNA adducts appear to trigger carcinogenesis, acid (AA) was examined in a plasmid containing exon 2 of however, the relative contributions of individual adducts in the mouse c-H-ras gene by a polymerase arrest assay. AAI mutagenesis and carcinogenesis remain unclear. In rodents and AAII were reacted with plasmid DNA by reductive many chemical carcinogens activate the ras protooncogene by activation and the resulting DNA adducts were identified a single point mutation, resulting in the alteration of amino as the previously characterized adenine adducts (dA-AAI acid residue 12, 13 or 61 (8,9). Likewise, AA-initiated carcinoand dA-AAII) and guanine adducts (dG-AAI and dGgenesis is associated with a distinct molecular characteristic, AAII) by the 32 P-post-labeling method. In addition, a i.e. activation of the H-ras gene by an AT→TA transversion structurally unknown adduct was detected in AAII-modimutation in codon 61 (CAA). This transversion mutation fied DNA and shown to be derived from reaction with occurs exclusively (100%) at the first adenine of codon 61 in cytosine (dC-AAII). Sites at which DNA polymerase proall tumors of the forestomach and ear duct of rats treated with gress along the template was blocked were assumed to be AAI (10). Although activated AAI and AAII can potentially at the nucleotide 3Ј to the adduct. Polymerase arrest spectra adduct all purine residues in codons 12, 13 and 61 and, showed a preference for reaction with purine bases in the furthermore, mutations in these codons of the H-ras gene mouse H-ras gene for both activated compounds, consistent can initiate tumorigenesis, all AAI-induced squamous cell with previous results that purine adducts are the principal carcinomas carry a specific mutation at adenine in codon 61 reaction products of AAI and AAII with DNA. Despite the but not in codon 12 or 13. Since changes of adenine residues structural similarities among AAI-DNA and AAII-DNA at other positions than codon 61 in the ras gene result in adducts, however, the polymerase arrest spectra produced amino acid changes that are phenotypically silent, only adenine by the AAs were different. According to the 32 P-postmutations in codon 61 result in a gain of oncogenic function labeling analyses reductively activated AAI showed a strong providing premalignant and malignant cells with a clonal preference for reacting with guanine residues in plasmid growth and survival advantage (11) and therefore might explain DNA, however, the polymerase arrest assay revealed arrest the selectivity for codon 61 mutations. This selectivity of AAI sites preferentially at adenine residues. In contrast, activfor mutations at adenine residues is consistent with extensive ated AAII reacted preferentially with adenine rather than formation of the adenine adduct 7-(deoxyadenosin-N 6 -yl)arisguanine residues and to a lesser extent with cytosine but tolactam I (dA-AAI) in the target organ, forestomach, in rats DNA polymerase was arrested at guanine as well as adenine (12) . Moreover, an apparently lifelong persistence of the dAand cytosine residues with nearly the same average relative AAI adduct in forestomach DNA was found whereas the intensity. Thus, the polymerase arrest spectra obtained guanine adduct 7-(deoxyguanosin-N 2 -yl)aristolactam I (dGwith the AA-adducted ras sequence do not reflect the DNA AAI) was removed continuously from the same DNA (13). adduct distribution in plasmid DNA as determined by 32 POne important question raised by these results is why almost post-labeling. Arrest sites of DNA polymerase associated all AA-induced tumors contain activating mutations at the first with cytosine residues confirmed the presence of a cytosine adenine of codon 61 and not at the second adenine, although adduct in DNA modified by AAII. For both compounds an AT→TA transversion mutation at this position also exerts adduct distribution was not random; instead, regions with transformation efficiency (14). adduct hot spots and cold spots were observed. Results
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In order to unravel this question, we have used a polymerase from nearest neighbor binding analysis indicated that arrest assay to detect AAI-DNA and AAII-DNA adducts at flanking pyrimidines displayed the greatest effect on polymthe nucleotide sequence level. Recently we reported the synerase arrest and therefore on DNA binding by AA.
thesis of oligonucleotides containing the major DNA adducts formed by AA in vivo located at a defined site. These sitespecifically adducted oligonucleotides were used as templates specific AA-DNA adducts throughout exon 2 of the gene.
Polymerase arrest assay and phosphorimager analysis
We also investigated the relationship between DNA adduct Treated pNPR (2 µg) was denatured in the presence of an approximately distribution, structure and the previously reported mutation hot equimolar amount of 32 P-end-labeled primer with 2 µl of 1 N NaOH in a spot in codon 61 of this gene.
total volume of 11 µl. After 10 min at 37°C, 2 µl 1 N HCl for neutralization and 2 µl of plasmid reaction buffer (1 M Tris-HCl, pH 7.5, 100 mM MgCl 2 , 250 mM NaCl) was added. This mixture was placed at 37°C for 10 min. To
Materials and methods
the annealed primer-template mixture was added 1 µl 0.1 M dithiothreitol Chemicals, plasmid and primers and Sequenase v.2.0 (T7 DNA polymerase), diluted 1:8 in enzyme dilution buffer (10 mM Tris-HCl, pH 7.5, 5 mM 2-mercaptoethanol) to obtain 3.25 Pure AAI and AAII as sodium salts were kindly provided by Fa. Madaus (Köln, Germany). T4 polynucleotide kinase, T7 DNA polymerase (Sequenase) U in 2 µl. An aliqout of 4 µl was then transferred to a tube prewarmed to 37°C, containing 2.5 µl of 160 µM deoxynucleotide triphosphates. This v.2.0, ultrapure grade dNTPs and Sephadex G-25 columns were purchased from Amersham Pharmacia (Freiburg, Germany). [γ-32 P]ATP (sp. act. 7000 mixture was incubated at 45°C for 5 min. To terminate the reaction 4 µl stop solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% Ci/mmol) was obtained from ICN Biomedicals.
The plasmid pNPR, a pUC8 derivative containing an insert of exon 1 and xylene cyanol FF) was added. For electrophoresis the samples were heated to 80°C for 5 min and 4 µl were applied to an 8% denaturating polyacrylamide 2 of the mouse c-H-ras gene at the PstI site (17), was kindly provided by K. Brown (Beatson Institute for Cancer Research, Glasgow, UK). Six 20mer gel which was dried before exposure to X-ray film for 15-20 h. DNA sequencing of untreated pNPR was carried out as described above, primers, (A) 5Ј-GTTTTGCAGGACTCCTACCG-3Ј, (B) 5Ј-AGACACAGCA-GGTCAAGAAG-3Ј and (C) 5Ј-GGGCTTCCTCTGTGTATTTG-3Ј represexcept that the extension used a dideoxynucleotide termination mix consisting of 80 µM each deoxyribonucleotide and 8 µM appropiate dideoxynucleotide enting the sequences 310-329, 375-394 and 435-454 on the coding strand and (D) 5Ј-TCTTCTTGACCTGCTGTGTC-3Ј, (E) 5Ј-ATACACAGAGGAAin 50 mM NaCl. The intensity of each band was measured with a phosphorimager (Storm GCCCTCC-3Ј and (F) 5Ј-GTGGCTCACCTGTACTGATG-3Ј representing the sequences 376-395, 432-451 and 487-506 on the non-coding strand of 860) from Molecular Dynamics using ImageQuant software (Molecular Dynamics Inc.). For each track the area under each peak was expressed as a the plasmid pNPR in exon 2, were used in this study.
percentage of the total area under all peaks. (18), dA-AAII (spot 3) is formed from AAII as well as from Numbers are averages of triplicate analyses determined by the 32 P-post-labeling standard procedure (19). carcinogen. The lanes C, T, A and G correspond to the dideoxy sequencing (E) Poly(dC)/AAI: spot 6, dC-AAI (0.55 Ϯ 0.18), structure not known. (F) termination mix used to determine the exon 2 DNA sequence. The sequence Poly(dC)/AAII: spot 5, dC-AAII (2.9 Ϯ 1.4), structure not known.
Treatment of pNPR with AAI and AAII
shown corresponds to nucleotides 340-400 on the coding strand of exon 2 (17).
AAI by reductive activation systems and in vivo through a demethoxylation reaction of AAI. Quantitative analysis arrest of 0.4 and 0.7, respectively. Reductively activated AAI strongly favored guanine adduct formation in a ratio of~4:1, obtained by the 32 P-post-labeling procedure (18), shown in Table I , revealed for both concentrations used that the extent whereas in reactions with reductively activated AAII adenine adducts were preferentially formed in a ratio of~2:1. Besides of DNA modification by AAII was higher than by AAI. Total adduct levels induced with the high dose (1.2 mM) reached 1 the identified dA-AAII and dG-AAII adducts an additional spot 5 was found in AAII-modified pNPR DNA. This prompted adduct/200 nucleotides for AAI and 1 adduct/100 nucleotides for AAII, resulting in an average number of adducts per us to investigate the nature of this unknown adduct spot. To this end, poly(dA), poly(dG)·poly(dC), poly(dT) and poly(dC) fragment of the ras gene (60-70 nt) analyzed by polymerase were reacted with AAI and AAII under the same conditions indicating that an AA-DNA adduct was present at or near this used for modification of the plasmid. 32 P-post-labeling anaarrest site. The bands varied in intensity, indicating that some lyses, shown in Figure 3 , revealed that spot 5 was chromatosites in the sequence were more readily adducted than others. graphically indistinguishable from an adduct spot found in As can be seen, both AAI and AAII induced an increase in incubations with poly(dC) and AAII ( Figure 3F ) and therefore the intensity of polymerase arrest bands with dose, however, was assigned as dC-AAII. Similarly, poly(dC) modified by arrest sites were qualitatively similar. Comparison of the arrest AAI also exhibited a single adduct spot, although at a considersites found in the adducted templates with those seen in the ably lower level (assigned as dC-AAI). Co-chromatographic sequencing lanes showed that there was a resemblance between analysis revealed that the two cytosine-derived adducts were the polymerase arrest caused by the AA adducts and the different (data not shown). Besides the major AA-DNA ddTTP and ddCTP lanes. However, the arrest bands produced adducts identified previously, some minor adduct spots were by the adducted templates appeared to be 1 nt shorter, found, especially in digests of poly(dA). The dC-AAII adduct suggesting that DNA polymerase is arrested at the nucleotide was also found in double-stranded poly(dG)·poly(dC) modified 3Ј to an adenine or guanine adduct in most cases. These by AAII, whereas in analogous incubations with AAI the dCfindings are consistent with results published before that AAI AAI spot was not detectable. No adduct formation was and AAII adducts were mainly formed at adenine and guanine observed in digests of poly(dT) modified by AAI and AAII bases (6,7) and that Sequenase was terminated predominantly (data not shown).
one base prior to these purine adduct sites in site-specifically adducted oligonucleotides (15). Some arrest bands in the AAIIPolymerase arrest spectra modified template were found at the nucleotide 3Ј to a cytosine In the polymerase arrest assay six primers were used to residue, indicating the presence of cytosine modifications and investigate the adduct distribution of AAI and AAII within thereby confirming the 32 P-post-labeling results shown above. exon 2 of the mouse H-ras gene. Figure 4 shows the results Figure 5 illustrates the DNA binding affinity determined by of a representative polymerase arrest assay with the DNA polymerase arrest for both strands in exon 2 of the mouse Hpolymerase Sequenase and modified pNPR DNA as template.
ras gene, assuming that the DNA polymerase was totally Dideoxy sequencing products were also loaded on the gel to blocked at the nucleotide 3Ј to each adduct. The data shown determine the site in the ras sequence at which the DNA are those for the highest dose in each case. Detailed examination polymerase had arrested. The control lane containing pNPR of Figure 5 indicates that the patterns of arrest sites are different DNA incubated with zinc or solvent alone caused only very for AAI and AAII. However, some obvious similarities were weak premature polymerase arrests in some sequences.
present. For example, polymerase arrest sites were absent for Similarly, clean control lanes were seen with each primer used.
both AAs in the pyrimidine-rich sequences 451-453 on the In contrast, in lanes containing DNA treated with AAI and AAII numerous sites of polymerase arrest were apparent, upper strand and 389-396 on the lower strand. In addition, there was a triplet of adenines on the lower strand at 451-453 adenines of codon 61 in the coding strand, but the arrest bands where almost no polymerase arrest was detectable. For all the at this codon are weak and below average intensity. arrest bands, the average values of the relative band intensity Effect of flanking bases on polymerase arrest are given in Table II . For AAI the majority of polymerase In order to determine the sequence effect on the intensity of arrest sites corresponded to adenine bases with an average value polymerase arrest the relative intensities of each arrest site of 1.35, whereas for AAII the average values corresponding to were summed and averaged for all four nucleotides on the 5Ј-adenine, guanine and cytosine adducts were similar.
and/or 3Ј-side of the presumed adduct site. The results of the In exon 2 of the H-ras gene 20 arrest hot spots, defined as dinucleotide analysis shown in Table III suggest that for AAI sites in which the band intensity was 4-fold higher than for as well as for AAII the arrest band is most intense when average band intensity in the arrest spectra, were observed for pyrimidines flank the adenine 3Ј to which the arrest occurred. AAI. For AAII a total of 10 arrest hot spots were found. It is For arrests associated with guanine adducts of AAI, T Ͼ G clear that codon 61 does not represent an arrest hot spot for Ͼ A Ͼ C is the preferred order of the base on the 5Ј-and 3Ј-either activated AAI or activated AAII. However, both AAs formed metabolites that produced polymerase arrest at the two side. For AAII the identity of the 5Ј-and 3Ј-nucleotide (40) a The relative intensities (RIs) of presumed adduct sites were calculated from the phosphorimager analysis shown in Figure 5 . Average RI was calculated by dividing total RI by total binding sites. Figures in parentheses are the number of sites which were analyzed. When the adducted DNA was analyzed by the 32 P-post-labeling consistent with results reported earlier except that adduct levels CG* 0.50 (6) G*C 0.56 (13) of the dA-AAII adduct found in incubations with AAI were AAII much higher. These purine adducts of AAI and AAII are the major adducts identified in rodents and man (12, 26, 27 band intensities with increasing AA adduct levels are consistent CC* 0.92 (24) C*A 0.82 (31) with previous reports on polymerase arrest assays with other GC* 0.64 (27) C*G 0.74 (7) carcinogen adducts (21-24). AAI and AAII react extensively at purine residues in DNA c AAI, A*Nu or G*Nu; AAI, A*Nu, G*Nu or C*Nu. (6, 12, 18, 27) . Secondly, during examination of the AAII-modified plasmid additional arrest bands associated with the ddGTP dideoxy sequencing lane were found, confirming the presence influence arrest intensity to a lesser extent. Similarly, the 16 of an uncharacterized cytosine adduct as determined by 32 Ptrinucleotide combinations were analyzed (Table IV) . The most post-labeling. Thirdly, in primer extension studies with siteintense arrest bands corresponding with adenine adducts of specifically mono-adducted oligonucleotides containing pur-AAI and AAII were seen in the sequences CA*C, TA*C and ine-AA adducts DNA synthesis by Sequenase was blocked CA*T, whereas in most sequences with flanking purines arrest predominantly (80-90%) at the nucleotide 3Ј to the adduct bands were weak. Substantial arrest intensity was also observed regardless of the type of adduct examined (15). in the six CA*A sequences harbored in exon 2, although the Thus, these results suggest that DNA polymerase is effecfirst adenine of codon 61 showed only a very weak response.
tively arrested one base prior to most AA adducts and that the For guanine adducts optimal sequences for polymerase arrest intensity of arrest bands should, therefore, reflect the degree were AG*T and TG*G for AAI and CG*A and TG*G for AAII.
of adduct formation at that site. However, as discussed by Ross et al. (21) , it is generally difficult to extrapolate from Discussion the sites of polymerase arrest to the precise site of adduct formation responsible for this arrest and adduct distribution In this study a polymerase arrest assay was used to determine the distribution of DNA adducts formed by the two main spectra obtained by this technique must not be considered as quantitative. components of the carcinogenic plant extract AA throughout exon 2 of the mouse H-ras gene. The arrest of DNA polymerase
The arrest spectra in exon 2 of the mouse H-ras gene obtained with activated AAI revealed that polymerase arrest by the presence of bulky adducts in a defined sequence has been used by others to examine the sites preferentially modified was associated mainly with adenine, i.e. arrest bands were 3Ј to an adenine in the template rather than guanine, although by reactive carcinogen metabolites (20) (21) (22) (23) (24) (25) . Since reactive metabolites of AAI and AAII are not available, activation by the 32 P-post-labeling analysis showed that the majority of reactions with plasmid DNA were at guanine residues. Simzinc, the most efficient in vitro activation system for both AAs (18), was used to induce an average modification level of 0.4-ilarly, activated AAII resulted in polymerase arrest sites associated with adenine and guanine to almost the same extent, 0.7 adducts in the 60-70 nt DNA fragment analyzed by polymerase arrest (see Table I ). Since the average number of whereas twice as many adenine adducts as guanine adducts were determined by 32 P-post-labeling. Therefore, it appears adducts per DNA fragment is less than one, a saturation effect produced by the first adduct encountered by polymerase and that the intensity of arrest bands obtained by polymerase arrest in the ras sequence does not reflect the overall AA-DNA thereby preventing detection of a second adduct downstream is unlikely. Because such high adduct levels have been found adduct distribution in the plasmid. However, such a quantitative comparison is based on a number of potentially incorrect necessary for the polymerase arrest assay used (21) , activation by rat liver microsomes, the most appropriate in vitro system assumptions, the foremost being that different adducts are labeled with similar efficiencies and that all adducts block the mimicking target tissue activation, could not be used (18). polymerase equally well. Similar results have been observed of these bulky DNA adducts can account for differences in the response by polymerase. by Ross et al. (21) in a study with benzo[c]phenanthrene dihydrodiolepoxide compounds, which like the AAs react to Amongst the adenines and guanines in exon 2 of the H-ras gene there was an uneven distribution of polymerase arrest, a substantial extent at both adenine and guanine residues. Since most polymerase arrest studies have used reactive indicating that some sites in the sequence were more readily adducted than others and therefore AA adduct formation is carcinogen metabolites that react predominantly with one base forming a single major adduct, such observations were not not random but sequence specific. Results in Tables III and  IV suggest that neighbor bases affect the efficiency of DNA possible, instead Thrall et al. (28) reported a dose-dependent arrest of Sequenase through benzo[a]pyrene diolepoxidebinding of AAI and AAII depending on the adduct structure. 5Ј-Nearest neighbor pyrimidine bases display the greatest induced adducts in a run of guanines. Moreover, despite the structural similarities among the AAI-DNA and AAII-DNA effect on AA-DNA binding. In particular, adenine binding is favored by flanking pyrimidines rather than by purines, which adducts the action of Sequenase on the individual AA-DNA adducts might be different, leading to differential arrest can be tentatively attributed to steric effects arising from the presence of bulkier purines flanking the reacting adenine efficiencies. This hypothesis is supported by a study reported previously (15) showing that although all four purine AA residues. The binding affinity in trinucleotide binding is consistent in most cases with the dinucleotide analysis. Howadducts provide severe blocks to DNA replication, adenine adducts arrest Sequenase more effectively than guanine ever, there are some notable exceptions; for example, binding to guanine residues in the sequence AG*T, TG*A and GG*G adducts. A suitable explanation for this observation is provided by the different adduct structures, namely the stronger rigidity differs strongly for AAI and AAII. Our results show that both adenines in codon 61 are arrest due to the imino structure of the N 6 -adenine adducts compared with the amino structure of the N 2 -guanine adducts. Furthersites for polymerase and therefore AA DNA-binding sites, suggesting that the mutations observed in AA-treated rodents more, the aristolactam moiety of guanine adducts is located in the minor groove, whereas the aristolactam moiety of adenine may originate from adduct formation in this codon. It would appear, however, that the mutational hot spot is not dictated adducts is situated in the major groove of the B-DNA strand (15). Therefore, it seems likely that structural characteristics by initial DNA adduct formation by the chemical mutagen.
